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Four-week-oids, 9-week-olds, and adult subjects were tested with low spatial frequency sinusoidal 
gratings moving at a speed of 25 deg/sec. Luminance-modulated and red/green gratings were 
presented either separately, or superimposed and moving in opposite directions in a chromatic 
motion nulling paradigm. An adult observer judged the direction of the slow phase of the subject's 
eye movements. Luminance-modulated gratings elicited directionally appropriate eye movements 
in all three age groups, with contrast thresholds decreasing markedly with age. For red/green 
gratings alone, 4-week-oids responded only marginally, but 9-week-olds and adults produced 
consistent directionally appropriate eye movements. In the motion nuiling condition, 15 % contrast 
luminance-modulated gratings were about equally effective in nuiling the motion of the red/green 
gratings in all three age groups. A formal model of the motion nulling paradigm, separating 
threshold and equivalent luminance contrast parameters, was developed and applied to the data. 
Model fits showed that equivalent luminance contrast was constant or nearly constant across age 
groups. This outcome is consistent with the hypothesis that, with respect o adults, infants show a 
uniform rather than a differential oss of sensitivity to moving red/green vs luminance-modulated 
stimuli. 
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INTRODUCTION 
The degree to which motion is perceived at isoluminance 
in adult subjects is currently a matter of controversy. 
Under some conditions adults can be highly sensitive to 
moving isoluminant stimuli (Stromeyer, Eskew & 
Kronauer, 1990) and purely chromatic cues can be 
sufficient o support he perception of apparent motion 
(Dobkins & Albright, 1993; Gorea & Papathomas, 1989). 
But under other conditions moving isoluminant stimuli 
can appear to slow or even stop (Cavanagh, Tyler & 
Favreau, 1984; Teller & Lindsey, 1993a), and there are 
differential losses of sensitivity for direction-of-motion 
with respect o detection for moving isoluminant stimuli 
(Lindsey & Teller, 1990; Cavanagh & Anstis, 1991; 
Palmer, Mobley & Teller, 1993; Mullen & Boulton, 
1992; Derrington & Henning, 1993). 
In human infants, behavioral responses to both color 
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and motion develop rapidly during the early postnatal 
months. For example, most 1-month-old infants fail to 
respond to stationary isoluminant chromatic stimuli, 
while most 2-and 3-month-old infants succeed in doing 
so (for reviews see Teller & Bornstein, 1987; Brown, 
1990). Similarly, the onset of responsiveness to direction- 
of-motion is thought to occur during the second postnatal 
month (for a review see Braddick, 1993). Given the 
losses of motion perception seen at isoluminance in 
adults, it is of interest o ask: as soon as infants can 
respond to both chromatic differences and direction of 
motion differences, can they also code the direction of 
motion of isoluminant chromatic stimuli? 
Directional eye movements a a response measure 
To study this question, one needs a response measure 
that allows infant subjects to respond differentially to 
different directions of stimulus motion. One reasonable 
option is to use optokinetic nystagmus (OKN) or more 
broadly directionally appropriate ye movements (DEM) 
as the response measure. 
We use the term DEM to refer to the whole 
constellation of eye movement response patterns appro- 
priately directed with respect to large-field stimulus 
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motion. We prefer the term DEM to the term OKN 
because infants' immature ye movement patterns can be 
idiosyncratic, and do not always take the form of classical 
OKN. Moreover, adult OKN at isoluminance is variable 
and modified in form (Moreland, Kogon & Smith, 1976; 
Moreland, 1980; Teller & Lindsey, 1988a; Chaudhuri & 
Albright, 1991; Hawken, Sabatini, Port, Crystal, Lisber- 
ger & Movshon, 1991; Crognale & Schor, 1994; 
Crognale & Schor, 1996) so that definitional problems 
are particularly acute when isoluminant stimuli are used. 
Historically, OKN or DEM response measures have 
often been used in studies of infant acuity and contrast 
sensitivity for luminance-modulated stimuli. Newborn 
infants produce DEM in response to moving high- 
contrast black and white patterns (Gorman, Cogan & 
GeUis, 1959), and the development of infants' sensitivity 
to luminance-modulated stimuli measured by DEM 
techniques roughly parallels that measured with prefer- 
ential looking techniques (Dobson & Teller, 1978; 
Hainline, Camenzuli, Abramov & Rawlick, 1986; Lewis, 
Maurer & Brent, 1990; cf. Leguire, Zaff, Freeman, 
Rogers, Bremer & Wali, 1991). 
More recently, the capacity of infants to produce DEM 
in response to moving red/green isoluminant stimuli has 
been explored. In brief reports of the present data, Teller 
and Lindsey (1993b, c) showed that 2-month-olds (but 
not 1-month-olds) could produce DEM in response to 
moving red/green gratings of 100% contrast (i.e., the 
highest chromatic ontrast available on a standard color 
monitor). DEM-based contrast thresholds for moving red/ 
green gratings have also been tested recently in 3-month- 
olds, and found to be measurable within the color-video 
gamut (Brown, Lindsey, McSweeney & Walters, 1995; 
Dobkins & Teller, 1996). Thus, cross-study comparisons 
suggest that the age of onset of DEM to moving red/green 
isoluminant stimuli is similar to the age of onset of 
chromatic discriminations for stationary stimuli. 
Motion nulling paradigms 
In the set of paradigms known as motion nulling, a 
subject views a visual display consisting of two stimulus 
components, uperimposed oneach other and moving in 
opposite directions. The subject's task is to report the 
perceived irection of motion of the composite stimulus. 
In models of motion nulling, it is commonly assumed that 
the two moving components contribute motion signals of 
opposite sign to a single net motion signal, and that the 
stimulus component that contributes the larger signal 
dominates the perceived irection of motion (Anstis & 
Cavanagh, 1983; Cavanagh & Anstis, 1991; Teller & 
Lindsey, 1989; Chichilnisky, Heeger & Wandell, 1993). 
The combination of motion nulling paradigms with 
DEM response measures provides apotentially powerful 
approach to the development of luminance vs chromatic 
motion sensitivity, for two main reasons. Firstly, the 
same response measure can be used in all age groups, 
including adults. Secondly, in motion nulling the signals 
generated by the two stimulus components are presumed 
to interact early in the subject's sensory processing 
system, prior to the introduction of attentional or 
cognitive factors and measurement error. Thus, the use 
of a motion nulling paradigm ay well reduce the overall 
variability of infant responses. 
In the first motion nulling paradigm to be introduced 
(Gregory, 1974; Anstis & Cavanagh, 1983; Cavanagh, 
Anstis & Macleod, 1987), which we call luminance- 
based motion nulling, two luminance-modulated stimulus 
components of different chromaticities are nulled against 
each other; the goal is to estimate the relative luminous 
efficiencies of the two components. Using this paradigm, 
infant and adult spectral sensitivities assessed with 
standard color video phosphors have been shown to be 
highly similar (Maurer, Lewis, Cavanagh & Anstis, 1989; 
Teller & Lindsey, 1989; Brown et al., 1995). Moreover, 
the precision of the data in both infants and adults een in 
these studies encourages further use of motion nulling 
techniques. 
In the second variant of motion nulling (Cavanagh &
Anstis, 1991), which we call chromatic motion nulling, 
the stimulus is composed of a chromatic grating moving 
in one direction and a luminance-modulated grating 
moving in the other direction. The contrast of the 
luminance-modulated grating required to cancel the 
perceived motion of the chromatic grating at isolumi- 
nance, and yield a perceptual motion null, is called the 
equivalent luminance contrast of the chromatic grating 
(Cavanagh & Anstis, 1991; cf. Frome, Buck & Boynton, 
1981). A major goal of the present study was to apply the 
chromatic motion nulling technique to the study of infant 
color vision; and to compare the equivalent luminance 
contrasts of red/green gratings in infant vs adult subjects. 
Uniform vs differential loss 
It is well documented in the infant vision literature that 
for stationary stimuli, both luminance discrimination and 
chromatic discrimination are poorer in infants than in 
adults. However, it has not been clear whether, with 
respect to adult sensitivity levels, young infants hould be 
characterized asshowing a differential loss of sensitivity 
to chromatic with respect o luminance differences, or 
more simply a uniform loss of sensitivity to both 
chromatic and luminance differences. The question of 
uniform vs differential loss of chromatic vs luminance 
sensitivity remains controversial in the infant vision 
literature (Banks & Bennett, 1988; Banks & Shannon, 
1993; Teller & Lindsey, 1993b; Allen, Banks & Norcia, 
1993; Morrone, Burr & Fiorentini, 1990; Morrone, Burr 
& Fiorentini, 1993; Brown et al., 1995; Dobkins & 
Teller, 1996; Kelly, Borchert & Teller, 1995), and the 
answer may well vary with stimulus parameters, esponse 
measures, and testing techniques. 
Our studies of equivalent luminance contrast in infants 
and adults were originally undertaken as a means of 
addressing the question of uniform vs differential loss in 
the motion context (Teller & Lindsey, 1993b; Teller & 
Lindsey, 1993c). We proposed that a constancy of 
equivalent luminance contrast in infants and adults can 
be taken as a signature for the infant's uniform loss of 
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sensitivity to the two moving stimulus components. A 
reduced equivalent luminance contrast in infants can be 
taken as a signature for differential loss of sensitivity for 
moving chromatic with respect o luminance-modulated 
stimuli; while an enhanced equivalent luminance contrast 
in infants can be taken to signify the precocious 
development of motion processing for chromatic with 
respect to luminance-modulated stimuli. The question of 
the underlying neural channels that subserve the infant's 
responses to chromatic vs luminance-modulated stimuli 
is more complex, and is deferred to the Discussion. 
Goals 
The initial purpose of this study was to explore the 
potential of the chromatic motion nulling paradigm, in 
combination with DEM response measures, for studies of 
infant color vision. Two specific goals were initially 
identified. Firstly, we wished to verify and confirm earlier 
reports that moving isoluminant red/green gratings can 
elicit DEM in adult subjects, and to see whether or not 
they do so in 4-and 9-week-old infants. Secondly, we 
wished to determine the equivalent luminance contrast 
of moving red/green gratings in infants, and to see 
whether infants' equivalent luminance contrast is less 
than, equal to, or greater than that of adults tested with the 
same stimuli and techniques. Brief reports of these data 
have been presented previously (Teller & Lindsey, 
1988a, b, c). 
More recently, a third goal was adopted--to develop a
quantitative model for fitting the data generated in our 
variant of the chromatic motion nulling paradigm. The 
model identifies and separates contrast hreshold and 
equivalent luminance contrast parameters, and allows 
separate numerical estimates of these two parameters to
be made. The present paper presents the data in detail, 
together with the model and the results of the analysis. 
METHODS 
Overview 
Two lines of experimentation were carried out. Firstly, 
a Preliminary Nulling Expt was carried out on adult 
subjects. In this experiment, red/green test gratings were 
nulled against yellow/black nulling gratings of a range of 
different contrasts between 5 and 20%. For each nulling 
grating contrast, subjects were tested with a series of 
relative luminances of the red vs green bars of the test 
grating, in order to be sure to confront each subject with 
his or her individual isoluminance point. The dependent 
variable was the percentage of Test responses, i.e., the 
percentage of trials on which the slow phase of the 
subject's eye movements coincided with the direction of 
motion of the red/green test grating. We found that a 15% 
contrast nulling grating produced a minimum between 0
and 50% in the percent of Test responses for all subjects 
tested; this value was, therefore, chosen for use with 
infant subjects. In the preliminary experiment we also 
compared two response measures: the judged irection of 
the subject's eye movements and the subject's reports of 
the perceived irection of motion. 
In the main research project, a series of three 
xperiments was carried out in 4-and 9-week-old infants. 
In Expt 1 yellow/black gratings were presented alone, at a 
series of luminance contrasts, in order to measure 
luminance contrast thresholds. In Expt 2 the test gratings 
from the red/green grating series were presented alone, in 
order to see whether red/green test gratings of all relative 
luminances could drive DEM. In Expt 3, red/green test 
gratings of various luminance contrasts were nulled 
against a fixed, 15% contrast yellow/black nulling 
grating, in order to determine quivalent luminance 
contrasts. The response measure in Expts 1-3 was an 
observer's judgment of the direction of the slow phase of 
the infant's eye movements. 
APPARATUS AND STIMULI 
The color video system consisted of an Adage 3006 
graphics ubsystem, a Conrac 7235 high-resolution RGB 
color monitor, and a MicroVax II minicomputer. A 
detailed description of the system, and calibrations of 
linearity, gun independence, hromaticity, and luminance 
have been presented previously (Lindsey & Teller, 1989). 
Stimulus specifications in the present report supercede 
those provided in preliminary reports. 
The CIE chromaticity coordinates of the red, green, 
and blue phosphors were (0.61, 0.35), (0.30, 0.58), and 
(0.15,0.07) respectively. Isoluminance of stimuli of 
different chromaticities was defined and calibrated to 
conform to Judd's modified V~. Isoluminant red/green 
test gratings, presented alone, produced adult cone 
contrasts of 15, 31, and 32% for the L, M, and S cones, 
respectively. 
The stimulus gratings filled the entire video screen and 
subtended 54 × 46 deg at the test distance of 30 cm. The 
stimulus velocity was 25 deg/sec. A spatial frequency of 
0.3 c/deg (7.5 Hz) was used for 9-week-olds and adults. 
Preliminary data indicated that 4-week-olds did not give 
consistent eye movements o chromatic stimuli at this 
spatial frequency. For this reason, and in order to take 
age-related differences in infant acuity into account, a 
spatial frequency of 0.15 c/deg (3.75 I-Iz) was used for 4- 
week-olds. Gratings were presented for approx. 5-10 sec 
and were terminated by the subject's or observer's 
response. 
Viewing was binocular in all cases. The contrast and 
direction of motion of the stimuli varied randomly from 
trial to trial. Between trials, small red and blue patterns of 
varying configuration were presented at the center of the 
screen. No fixation stimuli were present during a trial. 
Video cameras located above and at the side of the video 
monitor provided views of the subject's face and eye 
movements for use in positioning the infant and in 
judging the presence and direction of eye movements. 
Details of stimulus pecification 
There are as yet no simple or well established 
conventions for producing or specifying the stimuli used 
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FIGURE 1. The stimuli (schematic). (A) In Expt 1 the stimuli were moving yellow/black (luminance-modulated) gratings of 
various contrasts. (B) In Expt 2 the stimuli were red/green gratings of 100% chromatic ontrast, with various luminance 
contrasts between the red and green bars of the grating. (C) In Expt 3 and the Preliminary Nulling Expts red/green gratings with 
various luminance contrasts were nulled against low-luminance yellow/black gratings of 100% contrast. See text for detailed 
specification of the stimuli. 
in nulling experiments. A major point of difficulty is that 
superposition of the nulling grating on the test grating 
necessarily reduces the chromatic contrast of the test 
grating below its maximal value (cf. Cavanagh & Anstis, 
1991). 
In designing our variant of motion nulling, we chose to 
keep the chromatic contrast of the test grating at its 
highest possible level for each different contrast of the 
nulling grating. As a consequence, as nulling contrast 
increases, the overall uminance of the display increases 
and the chromatic ontrast of the test grating decreases. 
In detail, our conventions for stimulus pecification are as 
follows. 
The yellow/black gratings (Expt 1) are shown 
schematically in Fig. I(A). They were produced by 
modulating the red and green phosphors of the video in 
phase. The contrasts of these gratings are specified as 
traditional Michelson contrasts. The space average 
luminance of these gratings was 6.4 cd/m 2. 
The red/green test gratings (Expt 2) are schematized in
Fig. I(B). They were produced by modulating the red and 
green guns 180 deg out of spatial phase. To maximize the 
chromatic ontrast of the test gratings, the red and green 
phosphors were both always modulated by 100% of the 
available color gamut, defined as 100% chromatic 
contrast. At V~ isoluminance, the red and green guns 
each produced a space average luminance of 3.2 cd/m 2, 
for a total space-average luminance of 6.4 cd/m 2. To vary 
the luminance contrast component of the test gratings, the 
space average luminances of the red and green phosphors 
were traded off, keeping the total constant at 6.4 cd/m 2. 
The stimuli for the nulling experiments (the Prelimin- 
ary Adult Expt and Expt 3) are schematized in Fig. I(C). 
They can be described as superpositions of two gratings 
moving in opposite directions: a lower luminance, 100% 
contrast yellow/black nulling grating superimposed on 
the 6.4 cd/m 2 test gratings from Expt 2. The superposition 
of the nulling grating and the test grating increased the 
total luminance of the combined stimulus field. 
We have adopted the convention of defining the 
luminance and chromatic ontrasts of the nulling and test 
gratings with respect to the total luminance of the 
combined stimulus field. For example, to produce the 
15% nulling contrast used in Expt 3, the space average 
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luminance of the nulling grating was set to 1.1 cd/m 2 
(17.6% of the space average luminance of the test 
grating). Thus, the combined stimulus had a space- 
average luminance of 7.5 cd/m 2 (117.6% of that of the 
test grating alone). Relative to this combined luminance, 
the luminance contrast of the nulling grating was 15%. 
By this convention, both the luminance contrast and 
the chromatic ontrast of the test grating are decreased by 
the addition of the nulling grating. For example, when the 
15% contrast nulling grating is added to the display, the 
chromatic ontrast of the test grating is reduced from 
100% to 85% of the color gamut. Similarly, each 
luminance contrast of the test grating is reduced by a 
factor of 0.85. Other contrasts of the nulling grating used 
in the Preliminary Expt were similarly produced and 
defined. 
SUBJECTS 
Adult subjects were laboratory personnel, including 
the first author. All were color normal by Nagel 
anomaloscopy. The presbyopic subject (DT) was cor- 
rected to the viewing distance of 30 cm. 
Infant subjects were recruited from the Infant Studies 
Subject Pool at the University of Washington. All 
subjects were born within 7 days of their due dates, with 
normal deliveries and no health problems by parents' 
report. Male infants with family histories of color vision 
deficiencies were excluded from the experiment. Infants 
were tested for 1-4 sessions within a 1-week time span. 
On average, 4-week-olds and 9-week-olds began testing 
on the 29th and 65th postnatal day, respectively. 
Three adults were tested by both response measures in
the Preliminary Nulling Expt. Seven subjects were tested 
in each age group in each of the three main experiments, 
except that for Expt 3, for 9-week-olds N = 8 and for 
adults N = 5. 
PROCEDURE 
Infants 
Infant subjects were held by an adult holder in either a 
vertical or a flying position 30 cm in front of the video 
monitor. A second adult, the observer, monitored the 
infant's location and state, and triggered presentation of
the moving gratings when the infant was judged to be 
alert and fixating the screen. 
The observer was blind to the contrasts and directions 
of motion of the stimuli. On each trial the observer judged 
whether directional eye movements were present and, if 
they were present, their slow-phase direction. The three 
response categories available to the observer were Slow- 
phase-leftward, Slow-phase-rightward, or Neither-direc- 
tion (ND). Some of the observed eye movements looked 
like classical OKN: repeated slow drifts or tracking in 
one direction, followed by return saccades in the opposite 
direction. Infant subjects also produce a variety of other 
patterns, including a distinctive drift and hold--a slow 
eye movement in one direction, not followed by a return 
saccade----or a series of small saccades in one direction, 
followed by a larger saccade in the opposite direction. All 
eye movement patterns with a clear slow phase direction 
were assigned to the Slow-phase-leftward or Slow-phase- 
rightward category. Data sets from infants who provided 
5 or more trials per point were retained. The number of 
trials per point ranged from 5 to 15 with a mean of 8.5. 
Adult subjects 
Adult subjects were seated 30cm from the video 
monitor, and instructed to center their gaze on the screen. 
Three adult subjects were tested with a series of nulling 
contrasts, using eye movements as the response measure, 
by the same observer who tested most of the infants. In 
addition, these three subjects made judgments of the 
perceived direction of motion of the stimulus. Two 
additional subjects were tested with eye movement 
responses at 15% nulling contrast, to increase the size 
of the group for comparison to the infant group data. All 
adult data sets are based on 20 trials per point, except hat 
runs in which all stimuli yielded /> 90% of judgments in 
the Test direction were terminated at 10 trials per point, 
and are not plotted. 
DATA SCORING 
Eye movement judgments were tabulated into three 
categories, which varied depending on the stimuli used in 
each experiment. For Expt I the response categories were 
Yellow/black (eye movements with the slow phase in the 
direction of motion of the yellow/black grating), Wrong- 
direction (eye movements with the slow phase in the 
direction opposite to grating motion), and ND. For Expt 2 
they were Test (eye movements with the slow phase in 
the direction of motion of the red/green test grating), 
Wrong-direction, and ND. For Expt 3 and the Preliminary 
Expt they were Test, Nulling (eye movements with the 
slow phase in the direction of motion of the Yellow/black 
nulling grating), and ND. The direction-of-motion 
judgments in the Preliminary Expts were similarly 
categorized. These response categories constitute the 
raw data, and averages of them across ubjects constitute 
the mean uncorrected ata in Figs 5, 6, and 8. 
Corrected scores 
We had hoped that the ND category would yield 
maxima in the locations of response nulls, and some 
trends in this direction can be seen by examination of the 
plots of the raw data. However, the ND category turned 
out to be problematic n two respects. Firstly, it was used 
on different percentages of trials in different age 
groups----most often with 4-week-olds and least often 
with adults---and thus complicates comparisons across 
age groups. Secondly, our model (which was developed 
subsequent to data collection) incorporates only two 
response categories. In order to reduce the data to two 
categories, the ND trials were divided equally between 
the other two categories to derive corrected scores. We 
believe that this procedure, while not immune to 
criticism, provides the best available estimator of a 
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forced-choice outcome for all age groups. These 
corrected scores were used in the following analysis. 
ANALYSIS 
Motion nulling paradigms involve the use of two 
gratings, superimposed in space and moving in opposite 
directions. For current purposes, one of these gratings 
(the nulling grating) is a yellow/black grating with a fixed 
luminance contrast: Lnulling = luminance contrast of the 
nulling grating. 
The other grating (the test grating) has two compo- 
nents, a fixed chromatic contrast and a variable 
luminance contrast: Ltest = luminance contrast of the 
luminance component of the test grating, and Ztest = chro- 
matic contrast of the chromatic omponent of the test 
grating. 
Luminance contrast is specified in units of Michelson 
contrast. Chromatic contrast is specified by defining 
100% chromatic ontrast as the largest contrast available 
with our red and green phosphors displayed out of phase 
with 100% modulation of both. Reducing the modulation 
of the phosphors reduces the chromatic ontrast propor- 
tionally. 
By hypothesis, the effectiveness of the chromatic 
component of the test grating in controlling the perceived 
direction of motion can be described by an equivalent 
luminance contrast, defined in units of luminance 
contrast. The eqivalent luminance contrast of the 
chromatic component is equal in value to the extra 
luminance contrast that could be substituted for the 
chromatic contrast in the test stimulus, while leaving 
constant he total effectiveness of the test grating in 
controlling the perceived direction of motion. Let: 
Etest = equivalent luminance contrast of the chromatic 
component of the test grating. 
Again by hypothesis, there exist motion mechanisms 
that combine the influences of all components moving in 
the same direction into a single variable. Following 
Cavanagh and Anstis (1991) (but cf. Frome et al., 1981), 
we assume a simple linear summation rule: 
Ttest = Ltest + Etest (1) 
where Ttest denotes the total effective contrast of the test 
grating in units of luminance contrast. Etest is positive in 
the expected situation in which the chromatic omponent 
enhances the perception of motion of the test grating, but 
would be negative if the chromatic omponent dimin- 
ished the perception of motion of the test grating. 
We adopt the convention of using positive and 
negative luminance contrast to indicate the relative phase 
of the luminance and chromatic omponents of the test 
grating. Positive contrast denotes that the bright bars of 
the yellow/black grating component coincide with the red 
bars of the red/green grating component. Introducing this 
notation requires one to modify Eqn (1) to take the 
absolute value of the luminance component: 
Ttest = IZtostl + Etest. (2) 
Next, we take into account he fact that an individual 
subject's pectral efficiency function need not coincide 
exactly with V~. Thus, a chromatic grating that is 
isoluminant for a given individual will in general have 
a secondary luminance component determined by the 
difference between the individual subject's spectral 
efficiency function and V~. We denote the consequences 
of this difference by d, because it represents the 
horizontal deviation of the individual subject's response 
minimum from zero on the abscissae of Figs 4-8 below. 
This additional luminance component is added to Eqn (2) 
as a correction term: 
Ttest = IZtest - d[ + Etest. (3) 
The next step is to represent the signal that controls the 
perceived irection of motion of the combined stimulus. 
Assuming simple motion opponency, let the net motion 
signal, N, be the linear difference of the motion signals 
from the nulling and test gratings: 
N = Ttest - Lnulling (4) 
and a motion null occurs when 
Ttest = Lnulling. (5) 
The positive sign of the motion signal is arbitrarily 
assigned to the direction of motion of the test grating. 
Combining Eqns (3) and (4) yields: 
N = ILtest -d l  + Etest - tnulling. (6) 
In practice, a nulling experiment uses a test grating 
with a specific chromatic contrast Ztest, which is 
necessarily less than Zmax. To facilitate comparison of 
equivalent luminance contrast values across conditions, 
we define ema xto be the equivalent luminance contrast of 
the maximum available chromatic ontrast Zmax: ema x = 
equivalent luminance contrast of Zmax. 
In specifying the equivalent luminance contrast of a 
given chromatic test grating, we assume that equivalent 
luminance contrast varies in proportion to chromatic 
contrast: Etest = ema x Ztest. 
In practice, each different chromatic ontrast yields a 
separate mpirical estimate of the equivalent contrast 
Etest  , from which an estimate of emax is calculated. The 
distinction between Etest and ema xis made here because of 
the slight variations in chromatic ontrast introduced by 
the nulling grating in the Preliminary Nulling Expt and in 
Expt 3 with respect o Expt 2 (see Methods). 
Next, we develop amodel to relate the motion signal to 
the probability of a Test response (i.e., a response that the 
perceived motion of the stimulus was in the direction of 
motion of the red/green test grating). To do this, we 
construct a psychometric function for discrimination 
experiments such as motion nulling, based on the Weibull 
function commonly used to model simple detection 
experiments (e.g. Expt 1). 
When used as a psychometric function for detection 
tasks, the Weibull function is given by: 
W(x)  = u - (u  - g)2 Cx/°~ (7) 
where x is luminance contrast, t is the luminance contrast 
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FIGURE 2. An example of the U-shaped curve predicted for nulling 
experiments with sufficiently high nulling contrasts. The percent Test 
responses (i.e., the percentage of trials on which the subject reports that 
the perceived motion of the stimulus coincided with the direction of 
motion of the red/green test grating) is plotted as a function of the 
contrast of the luminance component of the red/green test grating. The 
prediction is for a deviation (d) of 2%, a threshold (t) of 1%, and an 
equivalent luminance contrast (emax) of 10%, and a nulling contrast of 
15%. The half-width of the curve at 50% Test responses i equal to the 
nulling contrast minus the equivalent luminance contrast. 
threshold (the contrast difference required to move from 
50% to 75% test responses), s is the Weibull slope 
parameter, g is the probability of a Test response based on 
unbiased guessing (0.5 for two-alternative forced-choice 
tasks), and u is the upper asymptote of the psychometric 
function for strong signals (usually 1.0). 
For the current situation we fix the guessing parameter 
at 0.5, and the upper asymptote at0.95 for infants (Teller, 
Mar & Preston, 1992a) and 1.0 for adults. The Weibull 
slope is fixed at 1.0. The choice of 1.0 for the Weibull 
slope makes the Weibull very similar in shape to the 
upper half of a cumulative normal. Such a low value 
would be unusual for adults in a detection paradigm, but 
is expected for a suprathreshold discrimination paradigm 
(Nachmias & Sansbury, 1974; Foley & Legge, 1981) 
such as that used here. 
The psychometric function can be adapted to generate 
predictions for the motion nulling case by the following 
rule for the response (where N is the net motion signal 
defined above): 
i fN/> 0, then W(INI), 
if N < 0, then 1 -- W(IN[). (8) 
In words, if the net motion signal is in the test direction, 
then the probability of a Test response isW(INI). If it is in 
the opposite direction, the probability of a Test response 
is 1- W(INI). In effect, this rule reflects the Weibull 
around the point of N = 0, W(0) = 0.5. Alternatively, one 
could use a cumulative normal function for a nearly 
indistinguishable fit.
The final model is a combination of Eqn (6), (7) and 
(8). These equations incorporate three stimulus variables 
and three free parameters. The values of Lnutting , Ztest , and 
Ztest are specified by the stimulus conditions. The values 
of emax (the equivalent luminance contrast), d (the 
deviation of the response minimum from V, 0, and t (the 
threshold) are free parameters e timated from fitting the 
model to the data. 
Through variations of the values of the three 
parameters, this model can describe a wide variety of 
U-shaped functions. To illustrate the model graphically, 
consider Fig. 2. The figure shows the percent Test 
responses as a function of the luminance contrast in the 
test grating. The curve is the prediction of the model for 
an equivalent luminance contrast (emax) of 10%, a nulling 
contrast of 15%, a threshold luminance contrast ( ) of 1%, 
and a deviation (d) of 2%. The value of d centers the 
function around a luminance contrast of + 2%. The value 
of t determines the steepness of the sides of the U. The 
value of ema xdetermines the width of the U at the level of 
50% Test responses. In particular, the half width at 50% 
Test responses i equal to Lnulling - Etest. 
Thus, two factors influence the width of the U-shaped 
function. The larger the contrast of the nulling grating, 
Lnulling , and the smaller the equivalent contrast of the test 
grat ing,  Etest , the wider the U-shaped function. 
Predictions of the model are shown in Fig. 3 for a 
variety of nulling contrasts, thresholds, and equivalent 
luminance contrasts. For these xamples the deviation of 
the minimum, d, will be fixed at zero. Figure 3(A) shows 
the case of a nulling contrast of 15% (as in Expt 3 below) 
and a threshold of 1%. The curve parameter is the 
equivalent luminance contrast, Etest , and it takes on 
values of 0, 5, 10, 15, and 20%. The 20% curve is the 
small V-shaped curve at the top of the graph. Each 
decrease inthe value of the equivalent luminance contrast 
deepens and widens the curve. Once the equivalent 
luminance contrast is less than the nulling contrast, each 
5% decrease in equivalent luminance contrast shifts each 
side of the curve outward by 5% along the abscissa. 
Figure 3(B) shows the predictions for the same nulling 
contrast and the same range of equivalent luminance 
contrasts, but with the threshold increased from 1% to 
15% to simulate the probable performance of infants. 
This increase in the threshold makes the curves much 
shallower, and the two sides truncate ach other at the 
isoluminance point. However, comparison of Fig. 3(A) 
and (B) shows that once the equivalent luminance 
contrast is less than the nulling contrast, all curves for a 
fixed value of equivalent luminance contrast have the 
same width at 50% Test responses. That is, for a fixed 
equivalent luminance contrast (say, 10%), the widths of 
the curves at 50% Test responses are the same in Fig. 
3(A) and (B), despite the variations in the threshold 
parameter. Equal curve widths across age, therefore, 
provide the signature of equal equivalent luminance 
contrasts across subject groups with different hreshold 
values. 
We close this section with three remarks about some 
practical and theoretical limitations of the chromatic 
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motion nulling paradigm. The first concerns the case in 
which the chromatic grating is used alone (the nulling 
contrast is set to zero), as in Expt 2 below. Predictions for 
this case are shown in Fig. 3(C, D). In this case, the 
minimum percent Test responses will never fall below 
50%. Indeed, it will only fall to 50% if the equivalent 
luminance contrast is zero. Under these conditions the 
estimated values of the threshold and the equivalent 
luminance contrast show a strong positive covariation. 
This occurs because a shallow U-shaped function can be 
nearly equally well fit by a high threshold combined with 
a large equivalent luminance contrast or a low threshold 
combined with a small equivalent luminance contrast. 
This covariation makes problematic the separate stima- 
tion of these parameters for experiments with a nulling 
contrast of zero. 
Secondly, the power of the chromatic motion paradigm 
to establish the value of the equivalent luminance 
contrast empirically will vary with the actual values of 
the equivalent luminance contrast and the threshold. The 
most detectable changes in the predicted function occur 
when the threshold is small (the sides of the U are steep). 
In addition, the range of the U-shaped function should 
span most or all of the response range. The latter occurs 
if, and only if, the equivalent luminance contrast is less 
than the nulling contrast. In general, these conditions 
hold for the main nulling experiment undertaken here 
(Expt 3). 
Thirdly, a particularly disadvantageous situation for 
estimation of the equivalent luminance contrast occurs 
when the nulling contrast is zero (as in Expt 2) and the 
equivalent luminance contrast turns out to be greater than 
about twice the threshold (as occurred for the 2-month- 
olds and the adult subjects). In that case, all predicted 
curves approach a fiat line at the upper asymptote value. 
In fact, as detailed below, the estimates of equivalent 
luminance contrast from these subjects in Expt 2 were 
either not calculable, or unstable across minor variations 
in model assumptions. 
RESULTS 
Preliminary Nulling Expt on adult subjects 
Figure 4 shows the results of the Preliminary Nulling 
Expt for two adult subjects, with a variety of nulling 
contrasts. In contradistinction to the treatment in Fig. 3, 
in which the curve parameter was (theoretical) equivalent 
luminance contrast, the curve parameter in Fig. 4 is 
Lnuning, the contrast of the nulling grating. Data for 
nulling contrasts ranging from 10% to 20% are shown. 
Smaller nulting contrasts yielded data sets with all points 
close to 100%, and are not plotted. Figure 4(A, C) shows 
the subject's reports of the perceived irection of motion, 
and Fig. 4(B, D) shows the observer's judgments of the 
direction of the slow phase of the subject's eye move- 
ments. The ND category was used on less than 5% of 
trials; for efficiency of presentation nly corrected scores 
are reported. 
For both response measures, as the contrast of the 
nulling grating is increased, the nulling grating becomes 
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FIGURE 4. Results of the preliminary hulling experiment for two adult subjects, DT (A, B) and DL (C, D). In these xperiments 
red/green test gratings were nulled against yellow/black (luminance-modulated) gratings. Two response measures were used: 
subjects' reports of the perceived irection of motion (A, C), and an observer's reports of the direction of the slow phase of the 
subject's eye movements (B, D). The abscissae show the luminance contrast in the red/green test grating. Zero on the abscissa is 
V~-based isoluminance; positive contrast values indicate red of higher luminance than green. The ordinates how the corrected 
percent test responses (the corrected percent of trials on which the perceived irection of motion or the judged direction of eye 
movements coincided with the direction of motion of the red/green test grating). The parameter on the curves is the contrast of 
the yellow/black nulling grating: [] 10%; [] 11%; • 12.5%; O 15%; • 17.5%; /k 20%. Smaller nulling contrasts gave data 
sets in which all points were at or near 100%, and are not plotted. 
more effective in dominating both the perceived irection 
of motion and the direction of eye movements; as 
expected, the curves deepen and broaden. In the 
appropriate contrast range this change is rapid; for each 
subject an increase of 5% or less in the contrast of the 
nulling grating is sufficient to change the minimum 
percentage of Test responses from above 75% to below 
25%. The curves in Fig. 4 show independent fi s of the 
model to each individual data set. 
Model fits and parameter values. The three-parameter 
model was fit separately to the data from each subject, 
nulling condition, and response measure. (A few data sets 
with low nulling contrasts could not be fit because 
responses to most or all stimulus conditions were at 
100%.) In each case the quality of the model fit was 
measured by a Z 2 statistic with 6 degrees of freedom. The 
mean Z 2 over all tests was 6.3 which corresponds closely 
to an expected value of 6 given no systematic deviations 
from the model. Furthermore, only one fit of 27 total fits 
showed a significant Z2(6)> 13, P<0.05.  Thus, the 
model fit was quite good. 
Averaged over nulling contrast and response measure, 
the mean threshold (t) estimates for DL, DT, and a third 
adult subject, CA, were 2.1, 2.4, and 2.2%, respectively, 
yielding a grand mean of 2.2 + 0.1% for the threshold 
parameter. The mean deviation (d) estimates for the three 
subjects were 1, -6 ,  and 2%, yielding a grand mean of 
-1+3% for the deviation parameter. The mean 
equivalent luminance contrast (emax) estimates for the 
three subjects were 11, 14, and 8%, yielding a grand 
mean of 11 ± 2% for the equivalent luminance contrast 
parameter. 
Response measure. Next we consider the effect of the 
method of measurement on the three parameters of the 
model. Averaged across subjects and nulling contrasts, 
thresholds were 1.9% and 2.6% for direction-of-motion 
and judged eye movement measures, respectively. The 
difference of 0.7 ± 0.3% was not reliable over subjects, 
but a difference of this magnitude is also consistent with 
roughly a 50% increase in the threshold value when 
judged eye movements are used as the response measure. 
Mean values of the deviation parameter were -- 1.4% and 
-2 .1% for direction-of-motion a d judged eye move- 
ment measures, respectively; the difference of 
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-0.7 ± 0.3% was not reliable. Mean equivalent lumi- 
nance contrasts were 11.4% and 10.5% for the direction- 
of-motion and judged eye movement measures, respec- 
tively; the difference of -0 .9  -4- 0.8% was not reliable. 
In summary, the measurement technique had no 
reliable effect across subjects for any of the three 
parameters. The precision of the comparisons for the 
deviation and the equivalent luminance contrast suggests 
considerable accuracy in estimating these parameters. On 
the other hand, there may be a difference in the threshold 
values as large as 50%. Such a selective effect of 
response measure on the threshold is expected if the only 
difference between techniques i in increase in random 
error with the eye movement observations, with no 
change in systematic errors. This result is not surprising 
given the indirectness of the eye movement response 
measure with respect to the direction-of-motion response 
measure. Overall, these data confirm earlier observations 
that reports of the perceived irection of motion correlate 
closely with the direction of OKN in visually normal 
adults (Maurer et al., 1989; Teller & Lindsey, 1989; cf. 
Hartmann, Succop, Buck, Weiss & Teller, 1993). 
Nulling contrast. The effect of variations of nulling 
contrast can be summarized by calculating a linear 
regression of each model parameter against nulling 
contrast. Since nulling contrasts below 10% yielded 
perfect performance for some subjects, the linear 
regression model was fit only to nulling contrasts 
between 10 and 20%. Averaged across subjects, for the 
threshold parameter, the regression slope was 
-0.06 + 0.04; for the deviation parameter, 0.2 ± 0.2; 
neither of these values is reliably different from zero. For 
the equivalent luminance contrast, the regression slope 
was -0 .7  -4- 0.4. This value is not reliably different from 
zero; however, it is also not reliably different from a slope 
of -1.0, which would produce a change of 10% in the 
equivalent luminance contrast as the nulling contrast 
changes from 10 to 20%. The data of the present study 
were thus insufficient to resolve the issue of whether or 
not equivalent luminance contrast varies with variations 
of nulling contrast (cf. Cavanagh & Anstis, 1991; 
Chichilnisky et al., 1993). 
Implications for infant experiments. On the basis of 
these data, a value of 15% nulling contrast was chosen for 
the nulling experiments in infants (Expt 3 below). In 
particular, we chose a nulling contrast (15%) that was 
greater than the mean equivalent luminance contrast for 
adults (11 ± 2%). We chose this design so that if infants 
and adults have the same equivalent luminance contrast, 
the infants' data would show minima below 50% Test 
responses. Moreover, if the equivalent luminance con- 
trast of infants were less than that of adults, then the 
contrast of the 15% nulling grating would exceed the 
infants' equivalent luminance contrast by an even larger 
factor, and still produce a U-shaped curve with its 
minimum below 50% Test responses. In this way we 
hoped to optimize the power of the experiment for 
estimating the value of the infant's equivalent luminance 
contrast, over the most likely range of values. 
Experiment 1: Yellow~black gratings 
The responses of 4- and 9-week-old infants to yellow/ 
black gratings are shown in Fig. 5. Fig. 5(A, B) shows 
raw data from three individual infants in each age group, 
selected to illustrate the full range of response patterns 
seen. The percentages for two response categories--- 
Yellow/black and Wrong-direction--are shown. The ND 
data are omitted for clarity, but the percentage of ND 
trials can be derived by subtracting the percentages of the 
other two categories from 100%. 
For individual infants at both ages, the frequency of 
Yellow/black responses generally increased with increas- 
ing stimulus contrast. However, there were large 
individual differences in the eye movement patterns of 
different infants. Some infants at each age, including 
infants Nicholas and Andrew, produced relatively poorly 
formed OKN and minimal directional eye movements, 
yielding relatively fiat and noisy psychometric functions; 
while others, including infants Sara and Sarah, produced 
crisp, consistent OKN-like responses and steeper func- 
tions. 
Figure 5(C, D) shows the group means and SEs of the 
raw data for all three response categories, for the seven 
infants tested at each age. The use of each of the three 
response categories varied appropriately with stimulus 
contrast. For zero luminance contrast, he most common 
response category was ND. Use of this response category 
dropped off with increasing stimulus contrast, reaching 
about 5% for high contrast values. Similarly, Wrong- 
direction reports were uncommon; they were most 
common (about 15%) at low contrast values, and 
diminished to about 2% at high contrasts. As expected, 
the percentage of Yellow/black responses increased 
systematically with increasing stimulus contrast. The 
percentage of Yellow/black responses reached 50% of 
trials at about 13% contrast for 4-week-olds and about 
3% contrast for 9-week-olds. Thus, the 4-week-olds 
demonstrated a lower contrast sensitivity (higher contrast 
threshold) than did the 9-week-olds. 
Model fits and parameter values. Data from each 
individual infant were corrected to eliminate the ND 
responses, and fitted with We±bull functions, with the 
threshold, t, as the only free parameter. The average 
threshold values were 15 + 6% and 3.3 ± 0.4% for 4-and 
9-week-olds, respectively. The mean X2(7) were 4.1 and 
5.3 for 4- and 9-week-olds, respectively. No individual 
infant showed a significant 2 .  
Figure 5(E, F) shows the corrected data from all 
individual infants. The solid curves hown in Fig. 5(E, F) 
are We±bull functions based on the mean threshold values 
estimated from the individual data sets. A summary and 
discussion of parameter values from all experiments will 
be provided at the end of this section. 
Experiment 2: Red~green gratings 
The results for red/green gratings are shown in Fig. 6. 
Raw data from three representative 4-week-olds are 
shown in Fig. 6(A). For all seven of the individual 4- 
week-olds, Test responses occurred on virtually 100% of 
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FIGURE 5. Results of Expt 1 (yellow/black gratings) for infant subjects. The abscissae show the luminance contrast of the 
yellow/black grating. The ordinates how the percent of trials in up to three response categories: Yellow/black (slow phase of 
eye movements judged to be in the direction of motion of the yellow/black gratings); Wrong-direction (slow phase of eye 
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no consistent direction). (A, B) Representative individual data sets for three infants of each age. (A) 4-Week-olds: I1, a, Sara; 
A, A, Morgan; • ,  e, Nicholas. (B) 9-Week-olds: II, II, Sarah; A, A, Caitlin; • ,  o, Andrew. The large symbols represent the 
Yellow/Black responses; the small symbols represent the Wrong-direction responses. ND responses are omitted for clarity. 
(C, D) Uncorrected group means for all three response categories. (C) 4-Week-olds; (D) 9-week-olds. • Yellow/Black 
responses; [] Wrong-direction responses; A ND responses. Error bars show + 1 SEM. (E, F) Corrected percent Yellow/black 
responses for all individual infants. Different symbols denote different infants. The solid curves how Weibull functions based 
on the mean of the threshold values estimated from the individual infants' data. 
trials when high luminance contrasts were present in the 
red/green gratings. However, all 4-week-olds howed a 
response minimum near Va isoluminance. For one infant, 
Allie, this minimum was shallow, with Test responses 
occurring on at least 75% of trials at all luminance 
contrast values. For the other six infants, including 
infants Janeva and Sydney, Test responses dropped to 
minimum values of between 12 and 60%. Most of these 
minima, including that of infant Sydney, occurred near 
V~ isoluminance; but two, including that of infant Janeva, 
were displaced toward negative contrasts (green of higher 
luminance than red at the performance minimum). 
Raw data from three representative 9-week-olds are 
shown in Fig. 6(B). Of the group of seven infants four, 
including infant Diane, showed near-perfect data sets, 
providing Test responses on most or all trials at all 
relative luminance values. One--infant Collin--showed 
an intermediate pattern, with a clear but shallow 
minimum near V~ isoluminance. The final two infants, 
including infant Laura, showed eep single-point minima 
displaced toward negative luminance contrast values 
( - 10 and - 15%). In all cases Test responses were much 
more common than Wrong-direction responses, and the 
percentage of ND trials was small. 
Figure 6(C, D) shows the group means and SEs of the 
raw data for all three response categories. The means for 
seven 4-week-olds are shown in Fig. 6(C). These data 
show a distinctive minimum near V~ isoluminance, with 
Test responses occurring on only about 50% of the trials. 
At the response minimum the percentage of Test 
responses exceeds the percentage of Wrong-direction 
responses, uggesting a minimal ability to code chro- 
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matic differences inthe group as a whole. But at the same 
time, the percent of Wrong-direction and ND trials 
reaches 22% and 29%, respectively, indicating the 
overall unreliability of DEM responses at isoluminance 
in this age group. 
The group means for seven 9-week-olds are shown in 
Figure 6(D). The low percentages of ND and Wrong- 
direction trials seen in these infants attest to the 
consistency and appropriateness of the infants' responses. 
The high percentage of Test responses at all relative 
luminance values gives clear evidence that red/green 
gratings elicit appropriately directed eye movements in 9- 
week-olds, even at their individual isoluminance points. 
Figure 6(E, F) shows the corrected data sets for all 
individual infants tested. The individual data sets of 4- 
week-olds are shifted by the best-fitting individual values 
of d found with the second model described below, to be 
centered at zero on the normalized luminance contrast 
axis. The data from the 9-week-olds were too close to 
100% Test responses for meaningful displacement values 
to be determined. The solid curve in Fig. 6(E) shows the 
predictions of the second model (see below), based on the 
means of threshold and equivalent luminance contrast 
values estimated from individual data sets. 
Model fits and parameter values. We attempted to fit 
each corrected data set with the model developed in the 
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Analysis section. However, as expected from discussion 
in the Analysis section, fits in Expt 2 were problematic. 
For the 4-week-old infants, two variants of the model 
were fit to the data. Initially the same three-parameter 
model was fit as used in the nulling experiments. 
Accordingly, the threshold (t), the deviation (d), and 
the equivalent luminance contrast (emax), were estimated 
individually for each infant. The resulting mean threshold 
was 8 4-2%. The mean deviation was -4  + 4%. The 
mean equivalent luminance contrast was -3  + 2%, i.e., 
less than zero. The mean X2(6) was 4.0, and none of the 
infants had significant X 2 values. However, the fit of the 
first model was peculiar in showing much lower thresh- 
olds (steeper sides to the U-shaped functions) than were 
found for 4-week-olds in Expt 1 (15 + 4%). In addition, 
the fits showed evidence of strong positive covariation 
between the threshold and the equivalent luminance 
contrast parameters. As a result, the joint confidence 
region of these parameters probably does not exclude the 
pair of values t = 15% and em~x = 10%. Because of the 
unexpected change in the threshold estimate and because 
of the positive covariation among parameters, we 
suspected the validity of this fit. 
To pursue this issue further, we tried a second model, 
in which the threshold for all infants was fixed at the 15% 
value found in Expt 1. For this restricted model, the mean 
deviation was relatively unchanged at -6  -4- 4%, but the 
mean equivalent luminance contrast changed from 
-3  4-2% to 10 + 4%. The fit of the model remained 
good with mean ~2(7) = 5 and no infants with significant 
Z 2 values. Thus, a small change in the model changed the 
estimated equivalent luminance contrast across the entire 
range of values that one might expect to occur in the 
experiment. For this reason, we believe that this data set 
lacks the power to differentiate between values of 
equivalent luminance contrast over the range of interest. 
No other data set in any of the experiments showed this 
sensitivity to alternative versions of the model. 
Fitting the model was also problematic for the data 
from 9-week-olds. Their percent Test responses were too 
high to allow adequate fits of the model. As discussed in 
the Analysis section, such high performance implies that 
the equivalent luminance contrast is greater than about 
twice the threshold. Based on a threshold estimate of 3% 
from Expt 1, this result suggests an estimated equivalent 
luminance contrast of > 6% for the 9-week-olds. 
We remind the reader that the main purpose of Expt 2 
was to see whether or not young infants could respond 
with directional eye movements to maximum contrast 
red/green gratings at isoluminance, and not to provide 
estimates of equivalent contrast. Better estimates of 
equivalent contrast are expected from the nulling 
experiment. 
Experiment 3:Nulling 
Figure 7 shows the raw data from the nulling 
experiment--red/green t st gratings of various lumi- 
nance contrasts, nulled against he 15% contrast nulling 
grating--for selected 4-week-old, 9-week-old and adult 
subjects. 
Data from two individual 4-week-olds are shown in 
Fig. 7(A, B). Of the seven 4-week-olds tested four, 
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including infant Amanda, showed clear minima in their 
Test responses near Vz isoluminance. For these infants, 
the percentage of Test responses fell to between 10 and 
40%. The other three infants, including infant Jessica, 
showed noisier and shallower minima, with the data 
crossing and recrossing 50% across a broad range of 
luminance contrast values, presumably because of the 
small numbers of trials per point. 
Results for two individual 9-week-olds are shown in 
Fig. 7(C, D). Of the eight 9-week-olds tested, two, 
including infant Abigail, showed rather adult-like nulling 
data, with the fraction of Test responses falling to 
between 0 and 20%, the fraction of Nulling responses 
rising to 70-90%, and few ND trials. Four additional 
infants showed similar data, but with the fraction of ND 
trials increasing to 50-80% at the Test response 
minimum. All six of these infants showed Test response 
minima at negative luminance contrast values (five at 
-10  and one, infant Abigail, at -15).  Finally, two 
infants, including infant James, showed broader minima 
and noisier data, with high proportions of ND trials. 
Raw data for adult subjects DL and DT, with 15% 
nulling contrast, are replotted in Fig. 7(E, F). Data from 
DL show a broad and deep minimum in Test responses, 
centered at V~ isoluminance, and a high maximum of 
Nulling responses. Data from DT show a narrower and 
shallower Test response minimum, displaced to -5% 
luminance contrast. Both subjects showed maxima of 
Nulling responses, and a maximum of 30--40% ND trials 
(not shown) in the vicinity of the Test response 
minimum. 
Figure 8 shows summaries of the nulling data from 
Expt 3. Unshifted means of the raw data are shown in Fig. 
8(A-C). The 4-week-olds [Fig. 8(A)] show a broad 
minimum, with Test responses reduced to less than 50% 
of trials, and approximately equal numbers of trials in 
each of the three response categories. The 9-week-olds 
[Fig. 8(B)] show a similar fraction of ND responses, a 
narrower but deeper minimum in Test responses, and a 
higher maximum of Nulling responses, uch that the Test 
and Nulling curves cross. The adults [Fig. 8(C)] show the 
fewest ND trials, and an even narrower minimum in Test 
responses, with a crossing of Test and Nulling response 
curves. 
Model fits and parameter values. In Fig. 8(D-F), the 
data from individual subjects have been corrected to 
eliminate the ND responses. The three-parameter model 
was fit to each corrected ata set, and each data set was 
shifted along the abscissa by the appropriate individual 
value of the displacement parameter to normalize all 
minima to zero. The fitted curves represent mean values 
for the thresold and the equivalent luminance contrast 
parameters for each age. 
For 4-week-olds, 9-week-olds, and adults, the means of 
the individual threshold parameters were 16:k3%, 
5 +2%, and 3.1 +0.1%, respectively. The means of 
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the individual deviation estimates were -6+3%,  
- 10 + 1%, and 1 + 2%. The mean equivalent luminance 
contrasts were 9 ± 3%, 6 + 1%, and 12 + 2%. The mean 
Z2(6) for the individual fits were 6.4, 3.9, and 6.8, 
respectively. The expected value was 6 for the 6 degrees 
of freedom of the model. Z 2 for individual data sets 
showed no significant deviations that would have 
indicated a poor fit of the model. 
Of particular interest is whether the estimated 
equivalent luminance contrast values differed as a 
function of age. Although there is a trend for the infants 
to have lower equivalent luminance contrast han the 
adults, an ANOVA showed no reliable age effect 
[F(2, 17) = 1.8, P > 0.10]. 
Summary of parameter values across all experiments 
Finally, Fig. 9 shows summaries of the mean estimated 
values of two model parameters, the threshold and the 
equivalent luminance contrast, for all three age groups. 
Thresholds. The mean estimated values of the thresh- 
old parameter, t from Expts 1 and 3, are shown in Fig. 
9(A). In Expt 1 thresholds could not be measured for 
adults, but must be less than 2% (the lowest available 
contrast value); the adult value is arbitrarily plotted at 1% 
for convenience. For the adult subjects we also show 
thresholds for both response measures in the preliminary 
experiments. With respect o adults, the contrast detec- 
tion thresholds of infants are elevated by about a factor of 
15 for 4-week-olds and about a factor of 3 for 9-week- 
olds. 
Comparison across experiments shows that the more 
complex stimulus conditions introduced in the nulling 
paradigm had virtually no effect upon the luminance 
contrast threshold for 4-week-olds. Thresholds were 
inflated by about a factor of 1.5 for 9-week-olds, and 
by on the order of a factor of 3 for adults. Thus, infant and 
adult thresholds become more similar in the nulling 
paradigm (cf. Brown, 1994). 
Equivalent luminance contrasts. The estimated values 
of equivalent luminance contrast from Expts 2 and 3 are 
summarized in Fig. 9(B). For Expt 2 the estimate for 4- 
week-olds is from the second model with the fixed 
threshold parameter, and the estimate for 9-week-olds i a 
lower bound (shown by the upward-pointing arrow) 
based on near perfect performance. The extra data points 
for adults are values from the Preliminary Expt, for both 
response measures, averaged across three subjects and 
across variations of nulling contrast. 
Compared to the variations in the luminance threshold 
parameter, the equivalent luminance contrast remains 
remarkably consistent across age. Although equivalent 
luminance contrasts are slightly lower in infants than in 
adults within Expt 3, these differences are not statistically 
reliable. 
DISCUSSION 
The results of the present experiments will be 
discussed from three perspectives. Firstly, the present 
experiments lie at the intersection of several topics 
previously studied in infant vision, including contrast 
detection thresholds, contrast masking, motion proces- 
sing, spectral sensitivity, color vision, and motion 
processing at isoluminance. Thus, we begin by compar- 
ing the present results very briefly to earlier infant vision 
research related to each of these topics. Secondly, we 
discuss our major question--the constancy or variation of 
equivalent luminance contrasts across age--and its 
implications for the question of uniform vs differential 
losses of luminance vs chromatic sensitivity in infants. 
Thirdly, we briefly discuss the possible neural bases for 
infants' responses to moving red/green chromatic grat- 
ings. 
COMPARISONS TO PREVIOUS LITERATURE 
Contrast detection thresholds 
In behavioral studies in the infant vision literature, 
peak contrast hresholds for 1-and 2-month-old infants 
are typically between 10 and 50% (e.g. Atkinson, 
Braddick & Moar, 1977a, b; Teller, Lindsey, Mar, 
Succop & Mahal, 1992b; but cf. Banks & Salapatek, 
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1978; Peeples & Teller, 1975; Dobkins & Teller, 1996; 
reviewed in Brown, 1990). The present results show 
contrast hresholds of about 15% for 4-week-olds, and 
about 3% for 9-week-olds. These values are lower than 
expected, especially for the 9-week-olds, and and begin 
to approach the thresholds een with sweep visually 
evoked potential (VEP) techniques (Norcia, Tyler & 
Hamer, 1990). The high sensitivities seen in the present 
experiment may be due to the use of very large test fields, 
the use of moving stimuli, and/or the directional eye 
movement response measure (el. Hainline et al., 1986). 
Contrast masking 
The model introduced by Cavanagh and Anstis (1991), 
and amplified in the Analysis section, incorporates the 
assumption that the effect of the chromatic contrast of the 
test grating is fully captured by its equivalent contrast 
value. Under this assumption, the percent nulling 
experiments (the preliminary experiment and Experiment 
3) are essentially a study of suprathreshold contrast 
different thresholds for the test grating, measured against 
a background, ormasking stimulus, set by the contrast of 
the nulling grating (see Brown, 1994). Seen in this light, 
it is reasonable that thresholds inExpts 1 and 3 are similar 
for infants but different for adults. That is, the 4-week-old 
infant's contrast threshold for detection in Expt 1 is, by 
coincidence, nearly the same value as the contrast of the 
masking rating--about 15%. Therefore, the 15% nulling 
grating is a near-threshold masking stimulus, and as such 
it has little effect upon detection of the contrast 
increment. For the 9-week-old the nulling (masking) 
grating is about a factor of 5 above threshold, and 
sensibly has a small effect on the difference threshold. 
For adults the nulling (masking) grating is a factor of 15 
or more above detection threshold, and it would be 
expected to elevate detection thresholds substantially. 
Motion processing 
Earlier OKN studies have shown that, given suffi- 
ciently low spatial frequency, high contrast, and large 
field size, very young infants can encode the direction of 
motion of luminance-modulated stimuli (e.g. Gorman et 
al., 1959; Hainline etal., 1986; Lewis etal., 1990; Teller, 
Succop & Mar, 1993). The present results further attest to 
this fact, and extend it to sinusoidal gratings of lower 
contrast levels. The eye movement work thus stands in 
counterpoint to the generalization (Braddick, 1993) that 
when VEP and behavioral measures are employed, 
directionally selective responses do not occur until 2- 
3 months postnatal. 
Spectral sensitivity 
Photopic luminous efficiency is known to vary slightly 
among individual adult subjects. For this reason, we 
expected to find small individual differences inthe values 
of the displacement parameter among individuals. 
Among adult subjects, these individual differences were 
small (the complete range in our sample was - 5 to + 5% 
with respect to V~) but readily measured and statistically 
significant. For infant subjects, within-group variations in 
the displacement parameter ofabout he same magnitude 
were also seen, but due to the broader width of the U- 
shaped functions and the typically smaller numbers of 
trials, these differences were not statistically significant. 
There were also small but reliable differences among 
age groups. Nine-week-old infants overall showed the 
most negative displacement values (i.e., they demon- 
strated the highest sensitivity to red with respect to green 
of any of the three age groups). Although the point 
remains peculative, we are inclined to attribute these 
group differences tosmall-sample variations (or possibly 
undetected equipment variations) rather than to true age 
differences. In any case, the overall similarity of 
insoluminance points across age groups is consistent 
with many earlier demonstrations of similar photopic 
spectral efficiency functions between infants and adults 
(see Brown, 1990 for a review; and see especially Teller 
& Lindsey, 1989; Bieber, Volbrecht & Werner, 1995; 
Brown et al., 1995). 
Color vision 
In Expt 2, 4-week-olds responded only marginally to 
isoluminant red/green stimuli, while 9-week-olds re- 
sponded readily and consistently to these same stimuli. 
These results are remarkably consistent with earlier 
behavioral chromatic discrimination data for stationary 
stimuli in infants of these ages (Hamer, Alexander & 
Teller, 1982; Packer, Hartmann & Teller, 1984; Clava- 
detscher, Brown, Ankrum & Teller, 1988; Allen, Banks 
& Schefrin, 1988), and point to a major maturation of 
sensitivity to color differences in the second postnatal 
month. However, there are major differences of stimulus 
parameters and response measures between the present 
study and the earlier studies of chromatic discrimination. 
Until more systematic parametric studies are carried out, 
one should probably not place undue emphasis on the 
coincidences of onset times across these very different 
studies. 
Motion processing at isoluminance 
For 4-week-old infants in Expt 2, the performance 
minimum is at about 50% in the raw data, and about 65% 
in the corrected ata. Experiment 2 thus suggests that 4- 
week-old infants only marginally code the direction of 
motion of isoluminant gratings, even when large stimulus 
fields are used. It is interesting to note that, at the same 
time that 4-week-olds have such a low performance 
minimum, we cannot exclude the hypothesis that their 
equivalent luminance contrast values are the same as 
those of 9-week-olds and adults. As detailed at the end of 
the Analysis section, this paradox is resolved when it is 
realized that performance minima near 50% in Expt 2 
remain compatible with a substantial range of values of 
the equivalent luminance contrast parameter (emax) in 
cases in which the threshold parameter (t) is large. 
Again, ignoring stimulus and response differences, one 
is struck with the similarity of marginal performance 
between the earlier detection studies and the present 
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direction-of-motion task in 4-week-olds. This similarity 
raises the possibility that the 4-week-olds' difficulties in 
coding the direction of motion at isoluminance may be 
partially or entirely a consequence of their difficulty in 
detecting the isoluminant chromatic difference. Within- 
subject studies of detection vs direction-of-motion 
thresholds for identical moving stimuli are needed to 
address this question definitively (Dobkins & Teller, 
1996; see Palmer et al., 1993 for references on motion/ 
detection ratios in adults). 
Experiment 2 was also the first study (Teller & 
Lindsey, 1993b; Teller & Lindsey, 1993c) to show that 
9-week-olds can code the direction of moving isolumi- 
nant stimuli, at least to the extent hat they can use this 
information to produce appropriately directed eye move- 
ment patterns. Similar findings have been reported more 
recently in 3-month-olds (Brown et al., 1995; Dobkins & 
Teller, 1996). The Preliminary Expts on adult subjects 
also confirm earlier eports that adults subjects can do so. 
These data thus contribute another example to the 
literature on the successes of motion processing at 
isoluminance. It of course remains likely that quantitative 
studies would reveal poorly formed directional eye 
movement responses at isoluminance in infants, as have 
been reported in adults (Chaudhuri & Albright, 1991; 
Hawken et al., 1991; Crognale & Schor, 1994, 1996). 
EQUIVALENT LUMINANCE CONTRAST 
Measurements of equivalent luminance contrast were 
originally designed as a means of quantifying the relative 
effectiveness of moving chromatic gratings, with respect 
to moving luminance-modulated gratings, in controlling 
the perceived irection of motion (Cavanagh & Anstis, 
1991). We now compare our results for adult subjects to 
those of Cavanagh and Anstis (1991), and then address 
the question of variations in equivalent luminance 
contrast with age. 
Comparison to Cavanagh and Anstis 
In the Cavanagh and Anstis study, a color video system 
was used to generate the stimuli, and the stimuli were set 
to the maximum available chromatic ontrast. Data are 
plotted in units consistent with ours. The maximum 
equivalent luminance contrast found by Cavanagh and 
Anstis was about 124-2%, for 0.5c/deg red/green 
gratings drifting at a speed of 4 deg/sec (2 Hz). This 
value diminished with increasing spatial and temporal 
frequency. Our adult subjects were tested with 0.3 c/deg, 
25 deg/sec (7.5 Hz) gratings, and equivalent luminance 
contrasts of 12 + 2% were found. The closest match to 
our parameters used by Cavanagh and Anstis was 
0.5 c/deg, 16deg/sec (8 Hz); for this combination of 
parameters, their equivalent luminance contrast was 
about 6 4-3%. In summary, the measurements agree as 
closely as one could expect without a more detailed 
matching of stimulus conditions. 
Infants vs adults 
Of particular interest in the present experiments i  the 
question of whether infants show a lower value of 
equivalent luminance contrast than do adults. The 
relevant data are summarized in Fig. 9(B), and allow 
two approaches to this question. The first is to make 
across-age comparisons within Expt 3. In Expt 3 the 
mean equivalent luminance contrasts across individuals 
were 9 + 3%, 6 + 1%, and 12 4- 2%, for 4-week-olds, 9- 
week-olds, and adults, respectively. Although there is a 
trend for the infants to have lower equivalent luminance 
contrasts than the adults, an ANOVA showed no reliable 
age effect [F(2, 17)= 1.8, P>0.10]. Thus, the null 
hypothesis of constant equivalent contrast with age 
cannot be rejected by the data of Expt 3. 
The second approach is to combine all estimates of 
equivalent luminance contrast across all experiments. In
this case, the mean equivalent luminance contrast for 
adults, for the 15% nulling contrast, over both response 
measures, is 11%. The three values available from infant 
subjects yielded equivalent luminance contrast estimates 
of 9% (Expt 3, 4-week-olds), 6% (Expt 3, 9-week-olds), 
and 10% (Expt 2, 4-week-olds, econd model). The mean 
of these estimates i 8%. For 9-week-olds, Expt 2 yielded 
only a lower-bound estimate, again of about 6%. Thus, 
the average values suggest hat equivalent luminance 
contrasts for red/green gratings may be up to 30% lower 
in infants than in adults. Further experiments would be 
required to determine whether or not such a small 
difference is reliable. 
In summary, in the present experiments infants' 
sensitivity to both luminance differences and chromatic 
differences in moving stimuli improved markedly and 
reliably with age. In comparison, the balance between the 
two, assessed by values of equivalent luminance contrast, 
remained nearly constant for the three ages tested. 
Uniform vs differential oss 
The present experiments on motion nulling were 
originally undertaken as a new and potentially powerful 
paradigm for approaching the question of uniform vs 
differential losses of sensitivity for chromatic with 
respect o luminance-modulated stimuli in infants with 
respect o adults. The earliest analyses bearing on this 
question (Banks & Bennett, 1988; Banks & Shannon, 
1993) relied on data taken in our laboratory with 
stationary, continuously presented stimuli and preferen- 
tial looking techniques, and supported the uniform loss 
model for red/green vs luminance-modulated stimuli. 
More recent studies, employing flickering stimuli and 
VEP as the response measure, have been divided between 
those supporting the uniform loss model (Allen et al., 
1993) and those reporting adifferential loss of sensitivity 
for chromatic with respect to luminance-modulated 
stimuli (Morrone et al., 1990, 1993; Kelly et al., 1995). 
Two recent studies (Brown et al., 1995; Dobkins & 
Teller, 1996) have carried the question to the case of 
moving stimuli and DEM responses. One of these studies 
(Brown et al., 1995) supports the uniform loss model for 
the direction-of-motion task, while the other (Dobkins & 
Teller, 1996) supports the possibiity of a differential 
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precocity of the development ofchromatic with respect to 
luminance signals in the motion case. 
The present experiment compares the two kinds of 
moving stimuli more directly, by pitting them against 
each other in the motion nulling pradigrn. In the present 
study, even though infants show the expected losses of 
sensitivity to moving luminance-modulated stimuli (Expt 
1), and to moving red/green isoluminant stimuli (Expt 2), 
equivalent luminance contrast remains quite constant 
across the ages tested (Expt 3). That is, the balance 
between luminance-modulated and red/green chromatic 
gratings for controlling the direction of motion is 
approximately maintained over age. Thus, the present 
data bear the expected signature of a uniform or nearly- 
uniform loss for the signals generated by red/green and 
luminance-modulated stimuli for the direction-of-motion 
task. We note in passing that there is strong evidence for 
differential oss of sensitivity to tritan as opposed to 
luminance-modulated stimuli (Banks & Bennett, 1988; 
Banks & Shannon, 1993; Teller, Brooks & Sims, 1994; 
Teller, Brooks & Palmer, 1996). 
It seems likely that there will be no single answer to the 
question of whether infants exhibit a uniform or a 
differential loss of sensitivity to luminance vs chromatic 
stimuli. A more likely option is that infants will show 
uniform losses for some combinations of stimulus 
parameters and response measures, and differential losses 
for other combinations, with the issue probably compli- 
cated by the similtaneous maturation of other aspects of 
vision such as the spatial contrast sensitivity function 
(Teller & Lindsey, 1993b). 
ORIGINS OF THE MOTION SIGNAL GENERATED BY 
RED/GREEN STIMULI 
Finally, it is important o distinguish clearly between 
the responsiveness of a subject o isoluminant chromatic 
stimuli on the one hand, and any conclusion about the 
postreceptoral channels or cell types that mediate that 
response on the other. That is, it is widely recognized that 
isoluminant chromatic stimuli designed to isolate an 
idealized red/green chromatic hannel can nonetheless 
create artifactual or extraneous ignals in a luminance 
channel; and that these signals might partially or 
completely mediate the subject's responses to isolumi- 
nant stimuli. In terms of the model developed in the 
Analysis section, such extraneous luminance-channel 
signals would increase the estimated value of the 
equivalent luminance contrast, Etest. Thus, the existence 
of such extraneous signals would cause empirical values 
of Etest o be overestimates of the true magnitude of the 
motion signal originating in the chromatic hannels. 
The potential sources of these extraneous luminance- 
channel signals can be grouped into four categories. 
Firstly, an individual subject's isoluminance point may 
deviate from the luminous efficiency standard used in a 
particular experiment, due to differential preretinal 
absorption of short-wavelength light by lens and/or 
macular pigmentation, contributions of rods and/or S- 
cones to the luminance signal, and/or an atypical L/M 
cone ratio (Teller & Lindsey, 1993b). Secondly, other 
optical factors, especially chromatic aberration (Flitcroft, 
1989) can introduce an extraneous patial luminance 
modulation into the retinal image. Thirdly, neural factors 
can introduce a signal into the luminance channel at the 
postreceptoral level. These factors include temporal 
phase lags between the responses to the chromatic 
components of the chromatic grating (Lindsey, Pokorny 
& Smith, 1986), frequency-doubling onlinearities (Lee, 
Martin & Valberg, 1989), inhomogeneities among the 
isoluminance values for individual elements in the 
putative luminance channel (Cavanagh & Anstis, 1991), 
and/or other chromatically unsigned responses to moving 
chromatic borders (Dobkins & Albright, 1994). Fourthly, 
variations in one or more of these factors (e.g. in macular 
pigment density) across the retina can cause an individual 
subject's isoluminance point to vary with retinal 
eccentricity. 
Although it is difficult to rule out extraneous 
luminance signals definitively as the cause of infants' 
responses to isoluminant red/green stimuli, we here 
present several arguments which we believe make this 
possibility unlikely. Firstly, in the present experiments, 
the luminance modulation of the red/green grating was 
varied systematically within subjects, to insure that each 
subject was confronted with his or her own individual 
isoluminance point, and a deviation parameter, d, was 
introduced into the model to compensate for any such 
deviations from V,~ isoluminance. Thus, variations of 
individual isoluminance values have been ruled out as a 
source of extraneous motion signals in this experiment. 
Secondly, in a more recent study we have found that 
isoluminant tritan stimuli do not drive DEM in either 2-or 
4-month-old infants (Teller et al., 1994, 1996). Some of 
the causes of extraneous luminance-channel signals, 
including particularly chromatic aberration, macular 
pigment effects, and rod and S-cone contributions, hould 
be larger for tritan than for red/green stimuli (Teller & 
Lindsey, 1993b). The tritan data thus argue against 
control of the infant's responses by this subset of 
extraneous signals in the present experiments. 
Thirdly, other extraneous ignals, particularly those 
stemming from postreceptoral frequency-doubling on- 
linearities, are known to be larger for red/green than for 
tritan stimuli (Lee et al., 1989). However, Cavanagh and 
Anstis (1991) carried out a series of control experiments, 
by means of which many such sources of extraneous 
luminance signals were eliminated. Cavanagh and Anstis 
therefore concluded that the source of the motion signal 
generated by their isoluminant red/green grating was 
indeed a postreceptoral red/green chromatic channel. 
Barring the unlikely but untested possibility that post- 
receptoral nonlinearities are larger in infants than in 
adults, the same conclusion should apply to infant 
subjects. 
Fourthly, as shown in Expts 1 and 3, infant luminance 
contrast thresholds are higher than those of adults. Thus, 
a larger overall combination of luminance artifacts would 
be needed in infants than in adults to produce asufficient 
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extraneous luminance channel signal to drive infants' 
responses at isoluminance. 
Finally, the results of Expts 2 and 3 show a strong 
quantitative similarity between the values of equivalent 
luminance contrast for infants and adults. It is of course 
possible that this quantitative similarity comes about 
because of offsetting differences in the differential 
magnitudes of chromatic contrast thresholds, chromatic 
motion processing, and extraneous luminance signals 
between infants and adults. However, in the absence of 
evidence to the contrary, parsimony suggests that the 
similarity of equivalent luminance contrasts be attributed 
to a similarity of mechanism. Though by no means 
conclusive, this argument suggests that the motion 
signals generated by moving isoluminant red/green 
stimuli should be attributed to a postreceptoral red/green 
chromatic channel in infants, as Cavanagh and Anstis 
have argued that they are in adults. 
In summary, we offer two main conclusions from the 
present study. Firstly, under our conditions, moving red/ 
green stimuli yield only marginal DEM responses to 
isoluminant red/green stimuli in 1-month-olds, but clear 
responses in 2-month-olds and adult subjects. Given the 
use of large-field stimuli, eye movement responses, and 
the limits of the video gamut, the onset of definitive 
responses to moving red/green stimuli in human infants 
occurs between 1 and 2 months postnatal. Secondly, 
equivalent luminance contrast is constant or nearly 
constant across all three age groups. If a constancy of 
equivalent luminance contrasts is accepted as a signature 
of uniform loss for the case of moving stimuli, then under 
our conditions infants show a uniform rather than a 
differential loss of sensitivity to moving red/green vs 
luminance-modulated stimuli. Further research will be 
needed to delineate the domain of stimulus conditions 
and response measures over which these conclusions can 
be generalized. 
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